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Abstract—The paper centres on an assessment of the modelling
approaches for the processing of signals in CW and FMCW
radar-based systems for the detection of vital signs. It is shown
that the use of the widely adopted phase extraction method,
which relies on the approximation of the target as a single point
scatterer, has limitations in respect of the simultaneous estimation
of both respiratory and heart rates. A method based on a velocity
spectrum is proposed as an alternative with the ability to treat
a wider range of application scenarios.
Index Terms—Doppler processing, FMCW radar, heart rate
monitoring, micro-Doppler, millimeter wave radar, non-contact
monitoring, respiration rate monitoring, vital signs.
I. INTRODUCTION
The remote detection of vital signs from Doppler derived
measurements using radar has been subject to significant
research [1]–[4]. The capability to detect both respiration and
heart rate without physical contact represents the foundation
for the development of a number of applications [4]–[7],
ranging from monitoring patients with specific conditions,
such as sleep apnea, to patients where constant monitoring
of the vital signs is advised due to risks of the onset of life
threatening conditions.
Early implementations of non-contact vital sign monitoring
were based on CW radar technology. Recently more compact,
low-cost Frequency Modulated Continuous Wave (FMCW)
platforms with the capability to map the environment in range
and velocity have become more readily available. Regardless
of radar mode, the approach to the processing of signals has
remained relatively unchanged.
Reported FMCW-based vital sign detection solutions to
date, have relied on a traditional phase extraction ap-
proach [8]–[11]. The phase of the reflection vector is extracted,
unwrapped and interpreted as changes in range, proportional
to the mechanical motions induced by in this application,
organ contractions. At its core is the assumption that the
target may be faithfully represented as a single point scatterer,
demonstrated to be inappropriate when both of these vital signs
are of interest.
The paper investigates the effectiveness of the phase-based
approach to estimate vital signs; the interpretation of the
signal is significantly more challenging if the model does not
represent the observed target sufficiently well. Two approaches
to modelling vital signs using a (i) single point scatterer and
(ii) two point scatterers models are assessed, described in
Section II. Section III presents a simulation-based evaluation
of the effectiveness of the extraction of the phase for the two
models in the goal of deriving both respiratory and heart rate
simultaneously. Key conclusions are drawn within Section IV.
II. MODELLING APPROACHES
Breathing and heart rates may be described as two dynamic
components Rb(t) and Rh(t), equal to the local changes in
distance owing to each motion. Both motions are normally
periodic but with different amplitudes, harmonic content (af-
fecting the shape of the motion trace) and frequencies.
The simplest approach the deriving vital signs is to assume
an offset-radius R0 corresponding to the distance to the centre
of the target and to add to it both the dynamic components
(Equation 1);
R(t) = R0 +Rb(t) +Rh(t) (1)
The inherent assumption is that the animate object can be
modelled by a single point scatterer, proven to be an adequate
approximation for scenarios where both vital signs are present
with a preserved ratio of amplitudes AbAh in each section of
the target surface. However, this is rarely the case. Lung
inflation stretches a wide portion of the torso, resulting in
high amplitude motions (Ab), whilst the heartbeat motion
is predominately propagated by the cardiovascular system.
Consequently under these conditions, only the respiratory
motion is readily detectable.
The limitation has motivated research to estimate the Radar
Cross-Section (RCS) for each of the human vital signs [12],
[13], with the conclusions that the RCS for respiration is
consistently and significantly larger than that for heartbeat.
Furthermore, [14] report that the manifestation of each vital
sign is distributed differently over the body, further evidence
that the modelling of the target as a single scattering point has
limitations.
The model for a baseband received signal can be written as
(Equation 2);
s(t) = |X0|ej 4piλ (Rb(t)+Rh(t)) (2)
where |X0| is the effective received spectrum magnitude due
to the superposition of a number of scattering points1 and λ
represents the carrier wavelength. Equation (2) may lead to
a limited description of what is being observed, especially in
cases with a significant difference in RCS between vital signs.
1At this point, R0 contribution to the signal may be omitted in all equations
considered in this analysis since it only results in a constant phase offset due
to multiplying the received signal by ej
4pi
λ
R0 . Ultimately, only the dynamic
components of the range trace are of interest.
Therefore, a more appropriate approach is to model the vital
signs as two distinct point scatterers (Equation 3);
s(t) = |Xr|ej
4piRb(t)
λ + |Xh|ej
4piRh(t)
λ (3)
where |Xr| and |Xh| represent the effective magnitudes cor-
responding to each vital sign.
Previous research executed phase extraction by applying
an inverse tangent function to the quadrature components
followed by the unwrapping of the obtained vector [8]–[11],
approximating the target as a single point scatterer described
by Equation (2). The dynamic phase, φ1p(t) reduces to the
sum of the two vital sign contributions (Equation 4);
φ1p(t) =
4pi
λ
[Rb(t) +Rh(t)] (4)
The two point model, on the other hand, leads to a substantially
different dynamic phase term, φ2p(t);
φ2p(t) =
arctan
( |Xr| sin( 4piλ Rb(t)) + |Xh| sin( 4piλ Rh(t))
|Xr| cos( 4piλ Rb(t)) + |Xh| cos( 4piλ Rh(t))
)
(5)
It is clear that for a point scatterer model, it is possible to fully
recover all of the dynamic range information. However, for a
case where the two vital signs are not distributed equally over
the surface, the phase term is no longer a linear combination
of Rb(t) and Rh(t).
|Xr| >> |Xh| since the respiratory motion is not only of
much higher amplitude but is also present over a wider area
than the heartbeat-induced motions; in that case, the phase
term for the two point scatterers model approaches the limit
of 4piλ Rb(t). At the same time, the heartbeat component in the
signal extracted from the phase becomes negligible.
Equation (3) describes the dynamic content of s(t) as a sum
of complex exponential components. Fourier Transformation
(FT) then becomes a suitable decomposition method. Using
Short-Time FT and converting the Doppler frequency to ve-
locity, generates a matrix of velocity spectra distributed over
time, referred to as velocity-time maps.
A simulation environment that generates synthetic motion
signals corresponding to each vital sign was established and
these signals were subsequently analysed to assess the perfor-
mance of the two processing methods under consideration.
III. SIMULATION RESULTS
The simulation was carried out for constant vital sign rates
and a V-Band Radar carrier of 60 GHz, with the settings listed
in Table I. The rates of the vital signs were selected such that
none of the harmonics of the respiratory component interfere
with the heart rate spectrum. The synthesis of the signal
utilises two equations in order to obtain curves representative
of the real vital signs. The applied approximations for the
range displacements have been informed by a significant num-
TABLE I
SIMULATED SYSTEM SETTINGS
Respiration Rate, fb 0.2 Hz
Heart Rate, fh 1.1 Hz
H-R Ratio -10 dB
Sample Rate 120 sps
Carrier Frequency 60 GHz
Respiratory Motion Amplitude, Ab 1.0 cm
Heartbeat Motion Amplitude, Ah 0.1 mm
ber of experiments capturing motions owing to the heartbeat
[15], or respiration [16].
Rb(t) = Ab
5− 22+cos(2pi
∫ t
−∞ fb(t)dt)
3
(6)
Rh(t) = Ah sin
(
2pimod(−
∫ t
−∞
fh(t)dt, 1)
10
)
(7)
Each equation can be expressed as a product of an amplitude
Ab, Ah and a term that oscillates between -1 and 1, dependent
on the corresponding vital sign rate fb or fh. The purpose
of (6) and (7) is to emulate the harmonic content of each vital
sign signal, observed in the time domain as a bell-like shape
of the respiration curve (Figure 1), or the impulse property
of the heart rate signal (Figure 2).
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Simulated Dynamic Motion: Respiration
Fig. 1. Simulated Displacement due to Respiration
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Fig. 2. Simulated Displacement due to Heart Activity
The single point scatterer model assumes that these two
motions contribute to the reflected signal phase equally, as
if both motions were superimposed across the entire target
(Fig. 3) and reflected.
An analysis of the synthesised signals was carried out to
determine their impact on the Doppler spectrum. The signals
are described by (6) and (7) and were substituted as d(t) to
the phase of a complex reflection vector s(t) = ej
4pi
λ d(t).
The analysis of the simulated data was executed at a
0.1 second Doppler-analysis window applied over a 60 seconds
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Fig. 3. Sum of the Simulated Displacements
Respiration Velocity Map [dB]
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Fig. 4. Velocity Time Map of the synthesised Respiration Component
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Fig. 5. Velocity Time Map of the synthesised Pulse Component
recording. Figure 4 and Figure 5 show the resultant velocity-
time maps of both synthesised vital signs. The velocity transla-
tion is carried out using the Doppler equation v = −λ2 fD. The
simulated respiration signal is relatively strong and evident is
that the shape contained in Figure 4 matches the shape of the
derivative curve (velocity) of the respiratory motion signal.
The heartbeat velocity-time map is harder to interpret because
of the low amplitude generated by motion of the heart. Even
though the motion is weak for the whole derived shape to be
clearly visible, a velocity impulse corresponding to the original
signal is nevertheless apparent every 1.1 seconds.
For the simultaneous detection of the vital signs, the two
modelling frameworks along with two processing methods
were compared to inform the selection of the optimum ap-
proach for the application under development.
Figure 6 shows the result based on a single point scatterer
moving according to both vital sign motions simultaneously.
The motion can be faithfully reconstructed by extracting the
phase of the complex signal and unwrapping. The top plot
shows the unwrapped phase, proportional to the detected
velocity. The alternative is to compute the velocity-time map,
as shown in the bottom graph. It is clear that rates of both vital
signs can be extracted from the map, the respiration as the low-
frequency modulation of low velocities whilst the heart rate as
the higher frequency impulse modulation of high velocities.
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Fig. 6. Processing Output of Single Point Scatterer Signal
Both processing techniques can estimate the rates with the
phase extraction technique from a single point scatterer being
less computationally expensive than the velocity-time map
analysis.
The challenge of extracting vital sign rates becomes more
difficult when the target resembles two separate point scatter-
ers. Since the heart rate signal is not only of lower amplitude
but also present over a much smaller area, its contribution to
the net phase of the complex signal may be negligible. As is
evident in Figure 7, the extracted phase derivative is distorted
and whilst the respiratory motion velocity is preserved, the
heart rate component is less apparent.
Figure 8 and 9 show the spectrum of the unwrapped phase
for each of the two models. For the two point scatterers model,
the phase spectrum can only be used to extract the respiration
rate. In the case of a single point scatterer, the results are
clear, comprising a series of respiratory components at every
0.2 Hz, and a series of heart rate harmonics at every 1.1 Hz.
By arranging the strong components into harmonic groups,
1 2 3 4 5 6 7 8 9 10
-0.2
0
0.2
a
n
gl
e 
[ra
d]
Two Scatterers Model:   Unwrapped Angle Derivative
Two Scatterers Model:   Velocity Map [dB]
1 2 3 4 5 6 7 8 9
time [s]
-0.1
0
0.1v
e
lo
ci
ty
 [m
/s]
-100
-50
0
Fig. 7. Processing Output of Two Point Scatterers Signal
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Fig. 8. Spectrum of the Unwrapped Phase of the Single Point Scatterer
0.2 1.1
 
0
20
40
60
|X(
f)|
Two Scatterers Model: Unwrapped Phase Derivative Spectrum
H
ea
rt 
R
at
e
R
es
pi
ra
tio
n 
Ra
te
0 0.5 1.5 2 2.5 3 3.5 4
cadence frequency[Hz]
|X(
f)|
 
H
ea
rt 
R
at
e
R
es
pi
ra
tio
n 
Ra
te
Fig. 9. Spectrum of the Unwrapped Phase of Two Point Scatterers
both vital signs can be reliably extracted.
The limitation of the phase extraction technique can be
contrasted with results using velocity-time map (bottom graph
of Figure 7). Although the impulse component in the high-
velocity band is not as strong as in the case of the single point
scatterer model (since the heart complex reflection component
is 10 dB lower than the respiration vector), it is nevertheless
possible to observe impulses at the period of the heartbeat.
Further, the high bandwidth impulses due to the heartbeat
that are most apparent for high velocities can be used to extract
a time-domain spectrum magnitude vector for a selected
velocity. For illustration, 14.7 cm/s was chosen. Applying a FT
to this time signal leads to the result presented in Figure 10.
With this approach, the heartbeat component of the signal
is dominated by respiratory harmonics. One solution is to
apply a logarithm to the vector in the time domain before
computing the spectrum, an operation equivalent to computing
the spectrum of the values shown in Figure 7 (bottom) since all
of the spectrograms in the paper are plotted in dB scale. The
logarithm operation is capable of compressing the dynamic
range and emphasising the impulsive components of the signal.
Figure 11 and Figure 12 show the spectrum of the logarithm
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Fig. 10. Spectrum of 14.7 cm/s for the Two Point Scatterers
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Fig. 11. Spectrum of 14.7 cm/s logarithm for the Single Point Scatterer
0.2 1.1
 
 
Two Point Scatterers Model: Spectrum of 0.14707 m/s
H
ea
rt 
R
at
e
R
es
pi
ra
tio
n 
Ra
te
0 0.5 1.5 2 2.5 3 3.5 4
cadence frequency [Hz]
5
10
15
20
25
30
|X(
f)|
102  
H
ea
rt 
R
at
e
R
es
pi
ra
tio
n 
Ra
te
Fig. 12. Spectrum of 14.7 cm/s logarithm for the Two Point Scatterers
of the selected velocity. Apart from the low-frequency peaks
at the multiples of 0.2 Hz (due to the respiration), the majority
of high peaks are located at multiples of 1.1 Hz, representative
of the heart rate.
The analysis confirms that velocity-time maps can be anal-
ysed more extensively to yield vital signs. In scenarios where
the phase extraction method limits the estimation of the heart
rate, the more complex Doppler spectrum provides a better
foundation for carrying out the analysis.
IV. CONCLUSION
Reported research to date has suggested that the manifesta-
tion of the two human vital signs are distributed on the target’s
surface over different areas and with different effective RCSs.
The analysis presented provides evidence that in the goal of
estimating both respiration and heart rates simultaneously, it is
more appropriate to utilise a two point scatterers model of a
living target than the more traditional single point scatterer
model. The former treats more general scenarios and this
degree of generality is of value in the development of solutions
addressing typical real-world applications. The key advantage
of the velocity-time map method is that it is capable of ex-
tracting both vital signs regardless of which model represents
the factual environment.
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